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Shinji Hamanishi, Takuji Koike, Hidetoshi Matsuki, and Hiroshi Wada
Abstract—As the first stage in the development of a noninvasive
electromagnetic hearing aid, we made a new transducer that gen-
erates a high-excitation force to vibrate ossicles via the tympanic
membrane. This transducer consists of a core, driving and induc-
tion coils, a rare-earth magnet, and a vibrator coil. We designed
the core, the driving and induction coils, and the magnet so as to
generate the greatest excitation force possible when installed in the
external ear canal of humans. With regard to the vibrator coil,
which was attached to the center of the tympanic membrane to
vibrate the ossicles, we determined its optimal mass, position, and
shape both by finite-element method (FEM) analysis and by exper-
iments using an artificial middle ear. A prototype of the optimally
designed transducer can generate an excitation force of more than
95 dB sound pressure level (SPL) in terms of sound pressure at
frequencies between 0.1 and 10 kHz. This result indicates that the
transducer developed in this study can be used to treat patients
with a hearing loss up to 70 dB hearing level (HL).
Index Terms—Electromagnetic, hearing aid, middle ear, ossicles,
rare-earth magnet, tympanic membrane.
I. INTRODUCTION
RECENTLY, sensorineural hearing loss, resulting from theloss of the function of cochlear amplification, has been
observed in a steadily increasing number of younger patients as
well as in aged patients [1]. The majority of these hearing-im-
paired individuals can benefit from conventional hearing aids.
Acoustic sound is picked up by a microphone and transformed
into an electrical signal. This signal is then amplified and trans-
formed into sound by means of an earphone, and this sound vi-
brates the tympanic membrane and ossicles. However, achieve-
ment of high-fidelity responses with low distortion by conven-
tional acoustic hearing aids is limited, because the acoustic char-
acteristics of the earphone are affected by the impedance of the
external ear canal, and by interference between the acoustical
signal from the earphone and that reflected by the surface of the
external ear canal and tympanic membrane, which occurs due to
their complicated shape. Acoustic feedback is another problem
with conventional hearing aids. Owing to the proximity of the
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microphone to the earphone, the output from the earphone is
picked up by the microphone and amplified repeatedly, resulting
in feedback. In addition, the need for a tightly fitted ear-mold to
plug the auditory canal discourages many people from wearing
these devices [2].
Research and development over the past two decades has
shown that implantable hearing aids can circumvent some of the
problems found in conventional hearing aids. The most promi-
nent feature of the implantable hearing aid is that an actuator
is directly coupled to the one of the middle-ear ossicles. It has
the advantage of leaving the ear canal open, and problems with
feedback can be eliminated.
There are two major methods for achieving excitation,
namely, by way of piezoelectric transducers and electro-
magnetic transducers. Suzuki and Yanagihara et al. [3], [4]
developed a piezoelectric transducer. The transducer is a piezo-
electric ceramic bimorph attached to the stapes to vibrate it.
However, this type of transducer requires disarticulation of the
ossicular joints, which results in the loss of natural hearing [5].
In addition, the implantation of the transducer causes infections
of the middle ear in some cases.
Middle-ear implants based on electromagnetic technology
consist mostly of a permanent magnet placed on the ossicles
and an inductive coil to drive the magnet. Maniglia et al. [2] re-
ported an electromagnetic transducer which employs a magnet
attached to the body of the incus, signals with a radio frequency
of 8–10 MHz being used for transcutaneous transmission.
Vibrant Soundbridge is commercially available in Europe [6].
It uses a transducer called Floating Mass Transducer, which
is a magnet surrounded by two induction coils in a titanium
container. The transducer is attached to the long process of the
incus by a clip, and the vibrations of the magnet are transmitted
to the ossicles. However, this transducer is too heavy to obtain
a good performance at high frequencies.
Besides the above-mentioned devices, many types of piezo-
electric or electromagnetic transducers have been developed
[7]–[12]. However, implantable transducers have not as yet
been widely used, because invasive surgery has to be performed
to implant them and it is difficult to apply them in children who
are still growing. Therefore, high-fidelity hearing aids, which
are nonimplantable and can be applied in children, are needed.
In this paper, as the first stage in the development of a nonin-
vasive electromagnetic hearing aid which vibrates the ossicles
via the tympanic membrane, a highly efficient transducer com-
posed of a core, driving and induction coils, a magnet, and a
vibrator coil is proposed. The core, the driving and induction
coils, and the magnet are designed so that these components can
be installed into the human external ear canal and can generate
0018-9464/04$20.00 © 2004 IEEE
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on April 20,2010 at 05:25:25 UTC from IEEE Xplore.  Restrictions apply. 
3388 IEEE TRANSACTIONS ON MAGNETICS, VOL. 40, NO. 5, SEPTEMBER 2004
Fig. 1. Nonimplantable electromagnetic hearing aid proposed in this study.
(a) Schematic of the hearing aid. This hearing aid is designed so as to be suitable
for installation in the human external ear canal. It can be divided into two parts.
One part is composed of a microphone, a battery, a core, and a driving coil,
and it is easy to wear and remove. The other part is composed of an induction
coil, a magnet, and a vibrator coil. The induction coil is placed in the external
ear canal. The magnet is fixed by a holder near the tympanic membrane. The
vibrator coil adheres to the tympanic membrane by means of oil. (b) Principle of
the transducer. When the power supply part is inserted into the external ear canal,
the induction coil generates an electromotive force and supplies an induced
current I to the mechanically vibrating part (a vibrator coil). The vibrator coil
is then excited by the repulsive force, which acts between the magnet and the
vibrator coil.
a large excitation force, which is sufficient for application in pa-
tients with severe sensorineural hearing loss. The design of this
vibrator coil, which is attached to the tympanic membrane, is
based on the results of finite-element method (FEM) analysis
and those obtained using an artificial middle ear. A prototype of
this transducer was made and its fundamental properties were
examined.
II. ELECTROMAGNETIC TRANSDUCER
The nonimplantable electromagnetic hearing aid proposed in
this study was designed so as to have the following advantages:
1) high fidelity (flat frequency characteristics and low
distortion);
2) adequate acoustic gain and elimination of acoustic feed-
back;
3) applicability in adults and children with conductive and
sensorineural hearing losses;
4) ease of wearing and removal.
A schematic of the nonimplantable hearing aid is shown in
Fig. 1. Its transducer is composed of a core, driving and induc-
tion coils, a magnet, and a vibrator coil. When an alternating cur-
rent is supplied to the driving coil, magnetic flux passes through
the driving coil. This magnetic flux is approximated by
(1)
where is the magnetic permeability of the vacuity, is the
effective relative permeability of core material, and are the
radius and the turns per unit length of the driving coil, respec-
tively, is the amplitude of the input current, and and are
angular frequency and time, respectively. If there is no leakage
of the magnetic flux in the driving coil, the induced electromo-
tive force generated in the induction coil can be represented
in the form
(2)
where and are the length and the turns per unit length of the
induction coil, respectively.
The induced current that flows into the vibrator coil causes
magnetic interaction between the magnetic field generated by
the vibrator coil and the static magnetic flux of the magnet. As a
result, the vibrator coil, which is attached to the tympanic mem-
brane, is vibrated by the repulsive force , which acts between
the magnet and the vibrator coil and is represented by the fol-
lowing equation:
(3)
where and are turns per unit length and the area of the vi-
brator coil, respectively, , , and are the magnetic vector,
thickness, and the radius of the magnet, respectively, and is
the distance between the magnet and the vibrator coil.
III. METHODS FOR EVALUATING THE PERFORMANCE
OF THE TRANSDUCER
A. FEM Middle-Ear Model
As the vibrator coil adds mass to the tympanic membrane
and ossicles, this mass and position of the vibrator coil may
change the dynamics of the tympanic membrane and ossicles
and affect the efficiency of the transducer. Therefore, using a
FEM middle-ear model, the effects of mass and position of the
vibrator coil on the efficiency of the transducer were evaluated.
Fig. 2 shows the FEM middle-ear model used in this study. Its
geometry and all of its parameters are the same as those reported
by Koike et al. [13].
Effects of the mass and position of the vibrator coil on its
dynamic properties were evaluated in terms of the sound pres-
sure generated at the cochlea, i.e., intracochlear sound pressure.
The value of the intracochlear sound pressure is expressed in
decibel sound pressure level (dB SPL) as
(4)
where is the frequency of the stimulus, is the volume dis-
placement of the stapes footplate, is the acoustic impedance
of the cochlea, and Pa is the reference pres-
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on April 20,2010 at 05:25:25 UTC from IEEE Xplore.  Restrictions apply. 
HAMANISHI et al.: A NEW ELECTROMAGNETIC HEARING AID USING LIGHTWEIGHT COILS TO VIBRATE THE OSSICLES 3389
Fig. 2. Finite-element method (FEM) middle-ear model. Its geometry and all
parameters of the middle-ear model are the same as those reported by Koike et
al. [13]. (a) View from the cochlea. (b) View from the external ear canal.
Fig. 3. Artificial middle ear. (a) Dimensions of the artificial middle ear. The
total mass of the membrane and the plastic chip is 42 mg, the same as the mass of
the tympanic membrane and ossicles of the human middle ear. (b) Schematic of
the excitation method of the artificial membrane by an acoustical stimulus. The
displacement at the tip of the plastic chip was measured with a laser Doppler
velocimeter when a constant acoustical stimulus was applied to the membrane.
sure. In this analysis, an excitation force of 6.4 10 N was
loaded on the vibrator coil attached to the tympanic membrane
as shown in Fig. 2(b). The value of this excitation force was
equivalent to that when a sound pressure of 80 dB SPL was ap-
plied to the area of the vibrator coil. The effect of the position
of the vibrator coil on the intracochlear sound pressure was also
simulated by changing the position of the vibrator coil on the
tympanic membrane.
B. Artificial Middle Ear
To evaluate the efficiency of the transducer, an artificial
middle ear was constructed. This artificial middle ear, shown in
Fig. 3(a), was composed of a plastic tube (8 mm in diameter and
15 mm in length), a silicone membrane (80 m in thickness),
and a plastic chip made of polypropylene, which corresponded
to the external ear canal, the tympanic membrane, and the
malleus, respectively. The total mass of the membrane and the
plastic chip was 42 mg, the same as the mass of the human
tympanic membrane and ossicles.
First, to evaluate the frequency response of the artificial
middle ear, its vibration caused by the constant sound pressure
was measured. As shown in Fig. 3(b), an earphone (Etymotic
Research, ER-10C) was inserted into the plastic tube, and the
Fig. 4. Frequency responses of the vibration of the artificial middle ear. The
displacement at the tip of the plastic chip obtained when an acoustical stimulus
of 80 dB SPL was applied to the artificial middle ear is shown by the thick
solid line. The displacement at the umbo of the tympanic membrane obtained
by FEM analysis of the human middle ear reported by Koike et al. [14] and
the displacement at the umbo obtained by actual measurement reported by Gyo
et al. [15] are also shown by a thin line and a dashed line, respectively. In the
frequency range from 0.1 to 10 kHz, the frequency characteristics of the artificial
tympanic membrane are similar to those reported by Koike et al. [14] and Gyo
et al. [15], except for some peaks.
displacement at the tip of the plastic chip was measured with
a laser Doppler velocimeter (ONO SOKKI, LV-1100) when a
constant sound pressure was applied to the membrane.
The frequency responses of the artificial middle ear when an
acoustical stimulus of 80 dB SPL was applied are shown by the
thick solid line in Fig. 4. The result of the displacement at the tip
of the malleus obtained by FEM analysis of the human middle
ear reported by Koike et al. [14] and that obtained by actual
measurement using human temporal bone reported by Gyo et al.
[15] are also shown by a thin line and a dashed line, respectively.
The result obtained from the artificial middle ear has some
peaks. These peaks are considered to be due to the fact that the
damping component of the artificial middle ear is smaller than
that of the actual middle ear. However, as the general tendency
of the result obtained with the artificial middle ear is similar to
those reported by Koike et al. [14] and Gyo et al. [15], except for
the existence of some peaks, evaluation of the transducer using
this artificial middle ear appears to be valid.
Next, to evaluate the force generated by the transducer and
its frequency response, the vibration of the artificial middle ear
caused by the transducer was measured. As shown in Fig. 5,
a vibrator coil was glued to a plastic plate with a diameter of
2 mm, and this plate was attached to the membrane of the arti-
ficial middle ear with oil. A sinusoidal current was then applied
to the driving coil, and displacement of the vibration at the tip
of the plastic chip of the artificial middle ear was measured with
the laser Doppler velocimeter.
IV. OPTIMUM DESIGN OF THE TRANSDUCER
A. Driving and Induction Coils
Optimal shape and arrangement of the driving and induction
coils were determined based on the electromotive force gener-
ated in the induction coil.
As shown in Fig. 6(a), in order to examine the effect of the
length of the driving coil on the electromotive force, driving
coils 15 mm (50 turns) and 30 mm (100 turns) in length were
tested. The turns per unit length of these driving coils were the
same. According to (2), the electromotive force generated in the
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Fig. 5. Schematic of the excitation method of the artificial membrane with the
transducer. The vibrator coil was glued to the plastic plate having a diameter of
2 mm, and the plastic plate was adhered to the membrane of the artificial middle
ear by means of oil.
Fig. 6. Effect of the length of the driving coil on the electromotive force.
(a) Experimental setup for measuring electromotive force. Driving coils of
15 mm (50 turns) and 30 mm (100 turns) in length were used. Experimental
conditions in both cases were exactly the same except for the number of turns of
the driving coil. (b) Frequency responses of the electromotive force generated
in the induction coil. The electromotive force generated in the 30-mm-long
driving coil is more than double that of the 15-mm-long coil in the frequency
range from 0.1 to 10 kHz.
induction coil depends on the turns per unit length of the driving
coil. Therefore, these two driving coils should generate the same
electromotive force. However, as shown in Fig. 6(b), when the
30-mm-long driving coil is used, the electromotive force gen-
erated in the induction coil is more than two times higher than
that generated by the 15-mm-long coil in the frequency range
from 0.1 to 10 kHz. Magnetic leakage, part of the magnetic flux
passing between the driving and induction coils, may cause a de-
crease in the electromotive force when the length of the driving
coil is short.
Equation (2) shows that many turns of the induction coil,
many turns per unit length, and large radius of the driving coil
generate large electromotive force. In addition, an experiment
using driving coils with different shapes showed that the length
Fig. 7. Effect of mass on the frequency response of the intracochlear sound
pressure. When the vibrator coil was not attached to the tympanic membrane,
sound pressure of 80 dB SPL was applied to the whole area of the tympanic
membrane. When the vibrator coil was attached to it, an excitation force of
6.410 N was loaded onto the vibrator coil. This value was equivalent to
80 dB SPL. The mass of the vibrator coil was varied from 20 to 40 to 100 mg.
The intracochlear sound pressure decreases with an increase in mass of the
vibrator coil, especially at high frequencies.
of the driving coil should be considerably longer than that of the
induction coil to minimize the magnetic leakage. However, pos-
sible designs of coils are restricted by the shape of the external
ear canal. Therefore, the driving and induction coils were de-
signed so that the largest electromotive force possible could be
generated in the induction coil when these coils were installed
in the human external ear canal.
B. Vibrator Coil
1) Mass and Position: The effect of the mass of the vibrator
coil on the intracochlear sound pressure shown by (4) was es-
timated by FEM analysis. The mass of the vibrator coil was
changed from 20 to 40 to 100 mg. The intracochlear sound pres-
sures thus obtained are depicted in Fig. 7.
The intracochlear sound pressure decreases with an increase
in mass of the vibrator coil, especially at high frequencies. This
result indicates that a lightweight coil must to used to obtain
high intracochlear sound pressure at high frequencies.
The effects of the position of the vibrator coil were also sim-
ulated by attaching it to various points on the tympanic mem-
brane. As a result, it was found that it should be attached to the
tip of malleus manubrium or to a portion including it. There-
fore, a vibrator coil weighing less than 20 mg was used in the
following experiments and was attached to the area around the
tip of the malleus manubrium.
2) Shape: To determine the optimal shape of the vibrator
coil, two types of coils, namely, a disk-shaped coil and a cylin-
drical shaped coil, shown in Fig. 8(a), were constructed, and
their performance was compared using the artificial middle ear.
These two coils had fourteen turns so that the mass of the vi-
brator coil was less than 20 mg. Each coil was attached to the
membrane of the artificial middle ear, and then the frequency
responses of the displacement at the tip of the plastic chip were
measured. In this case, a sinusoidal current of 80 mA was ap-
plied to the driving coil. The effect of the heat generated in the
driving, induction and vibrator coils by this current on the in-
crease of temperature of the skin and tympanic membrane was
slight. As shown in Fig. 8(b), the displacement of the plastic
chip with the disk-shaped vibrator coil is larger than that with
the cylindrical shaped vibrator coil above 1 kHz. The frequency
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Fig. 8. Effect of the shape of the vibrator coil on the frequency responses of
the amplitude at the tip of the plastic chip. (a) Two types of vibrator coil: “disk”
shape and “cylindrical” shape. (b) Frequency responses at the tip of the plastic
chip of the artificial middle ear with a cylindrical- or disk-shaped vibrator coil.
In these experiments, a sinusoidal current of 80 mA was applied to the driving
coil. The heat generated in the driving coil by this current was negligible. When
the transducer is excited by the sinusoidal current of 80 mA, displacement at the
tip of the plastic chip with the disk-shaped vibrator coil is larger than that with
the cylindrical shaped vibrator coil above 1 kHz.
response obtained by the cylindrical shaped vibrator coil is com-
plicated, while that obtained by the disk-shaped vibrator coil is
as smooth as the displacement caused by an acoustical stim-
ulus. The reason for this is considered to be that the cylindrical
shaped vibrator coil rolls from side to side when acted on by the
magnetic repulsive force, because the aspect ratio of this coil is
larger than the disk-shaped one.
Based on these experiments, the optimal shape of the trans-
ducer, shown in Fig. 9, was determined. Co-based amorphous
magnetic material with high permeability was used for the core
material and the driving coil was wound around it. Its diameter
and length are 2 mm and 30 mm, respectively. The driving coil
is a single-wound one containing 100 turns of insulated copper
wire with a diameter of 140 m. Its length is the same as that of
the core. The induction coil contains 100 turns of the same wire
as the driving coil, and its inner and outer diameters are 4 mm
and 6 mm, respectively. Its length is 4 mm. A cylindrical shaped
Ne–Fe–B magnet with a surface magnetic density of 1.2 T was
used in this study. The diameter and thickness of the magnet are
2 mm and 1 mm, respectively. With regard to the vibrator coil,
a disk-shaped coil weighing 18.3 mg, including the mass of the
plastic plate used as the attachment to the tympanic membrane,
is adopted. It contains 14 turns of insulated copper wire with a
diameter of 60 m, and its inner and outer diameters are 1.3 and
2.5 mm, respectively.
C. Output of the Optimized Transducer
To evaluate whether the transducer can generate sufficient ex-
citation force to vibrate the ossicles, the displacement at the tip
Fig. 9. Prototype of the transducer. (a) Driving and induction coils.
Amorphous material with high permeability is used for the core material of the
driving coil. A Ne–Fe–B magnet, with a surface magnetic flux density of 1.2 T,
is used to generate a static magnetic field. (b) Vibrator coil. A disk-shaped
vibrator coil is glued to the plastic plate having a diameter of 2 mm and adheres
to the membrane by means of oil. The mass of the vibrator coil including the
plastic plate is 18.3 mg.
Fig. 10. Effect of the distance between the vibrator coil and the magnet on
the frequency responses of the displacement at the tip of the plastic chip. The
distance was changed from 1 to 3 mm. The thin line shows the frequency
response of vibration of the artificial middle ear generated by the constant
sound pressure, which is the same as the result in Fig. 4. The proximity of the
magnet to the vibrator coil causes larger displacement at the tip of the plastic
chip of the artificial middle ear. In the cases of 2 and 3 mm, the displacement
caused by the transducer is larger than that caused by the acoustical stimulus of
80 dB SPL over the entire frequency range.
of the plastic chip caused by the transducer was compared with
that caused by an acoustical stimulus.
The frequency responses of the vibration of the plastic chip
are shown in Fig. 10. The force , which acts on the tympanic
membrane as a result of magnetic interaction between the mag-
netic field of the magnet and that of the vibrator coil, mainly de-
pends on the distance between the magnet and the vibrator coil
according to (3). Therefore, the distance between the magnet
and the disk-shaped vibrator coil was changed from 1 to 3 mm.
The proximity of the magnet to the vibrator coil causes a large
displacement at the tip of the plastic chip of the artificial middle
ear. In the case of 1 and 2 mm, displacement caused by the trans-
ducer exceeds the acoustically induced displacement at 80 dB
SPL over the entire frequency range.
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Fig. 11. Frequency responses of the equivalent sound pressure. When an
electrical current of 80 mA flows into the driving coil of the transducer under
the condition that the distance between the magnet and the vibrator coil is
1 mm, the transducer generates an excitation force of more than 95 dB SPL in
terms of sound pressure over the entire frequency range.
As the acoustical stimulus level and the displacement of the
membrane have a linear relationship, the equivalent sound pres-
sure generated by the transducer can be calculated based on the
difference between the displacement caused by the transducer
and that by the acoustical stimulus. The equivalent sound pres-
sure level is represented in dB SPL as follows:
(5)
where and are displacement at the tip of the plastic
chip caused by the transducer and acoustical stimulus of 80 dB
SPL, respectively.
The frequency response of the equivalent sound pressure
obtained when the distance between the magnet and the vibrator
coil is 1 mm and when an electrical current of 80 mA flows
into the driving coil of the transducer are shown in Fig. 11. The
transducer generates an equivalent sound pressure of more than
95 dB SPL over the entire frequency range. There are large
peaks and notches in the frequency range from 0.2 kHz up to
1 kHz. This is due to the difference between the resonance
frequency of the artificial middle ear without a vibrator coil
and that with one. This difference in the resonance frequency
is considered to be caused by the mass loading of the vibrator
coil. Above 3 kHz, the result is complicated. As shown in
Fig. 10, the result obtained when an electrical current of 80
mA flows into the driving coil of the transducer is smooth in
this frequency range. By contrast, in the case of an acoustical
stimulus, the frequency response of the vibration of the tip of
the plastic chip shows complicated changes at these frequen-
cies. Decraemer et al. [16] reported that when a constant sound
pressure was applied to the tympanic membrane, vibration
modes of the tympanic membrane and malleus change in this
frequency range. Therefore, a membrane structure resembling
the tympanic membrane was employed to show the complicated
nature of vibration at high sound frequencies. This is the reason
for the complicated change in equivalent sound pressure. The
mean equivalent sound pressure in this frequency region is
125 dB SPL.
V. DISCUSSION
A. Applicability Range of the Transducer
Generally, hearing aids must amplify the acoustical input
signal so as to acquire a sufficient acoustical gain, which is
needed for the hearing aid wearer. An acoustical gain is defined
as the ratio of sound pressure level generated by an earphone
of a hearing aid to that received by its microphone, and the
adequate acoustical gain of the hearing aid is determined on
the basis of the level most comfortable level for the hearing aid
wearer. The adequate acoustical gain in decibels is given by
(6)
where is the hearing level, namely, the degree of deafness
compared with the level of hearing of normal subjects [17]. For
example, an adequate acoustical gain of a patient with a hearing
level of 70 dB HL is 35 dB. Such patients can understand only
loud voices at close proximity to the ear. The sound pressure
level of the usual speech range is approximately 60 dB SPL.
Therefore, it is necessary for a patient with a hearing level of
70 dB HL to wear a hearing aid which outputs a sound pressure
of more than 95 dB SPL.
When an electrical current of 80 mA flows into the newly de-
veloped transducer of a nonimplantable hearing aid, it generates
an equivalent sound pressure of more than 95 dB SPL in the fre-
quency range of 0.1 to 10 kHz as shown in Fig. 11. This result
indicates that the transducer developed in this study can be used
to treat patients with a hearing loss up to about 70 dB HL.
B. Comparison With Other Electromagnetic Transducers
Vibrant Soundbridge, mentioned in the introduction, consists
of a magnet and two induction coils which are placed close to-
gether in a small titanium container. This transducer achieves
an equivalent sound pressure level of 100 dB in the frequency
range of 1.5–6 kHz.
Perkins et al. [18] describe a transducer that employs a
magnet. The magnet is attached to a silicone disk, shaped like
a contact lens, which adheres to the tympanic membrane by
means of a small amount of mineral oil. The device, called
Earlens, is 3 mm in diameter and driven by an induction loop
with an amplifier, which is worn around the neck. It has the
advantage that the magnet can be easily removed if there are
any problems such as discomfort and inflammation. However,
the maximum acoustical gain of the Earlens is 25 dB at 2 kHz.
The transducer developed by Frederickson et al. [19] consists
of a piezoelectric actuator and a transmitting titanium shaft at-
tached to the incus and is implanted in the temporal bone. The
piezoelectric actuator converts the electrical signal into the me-
chanical motion of the transmitting shaft, which vibrates the os-
sicular chain. The equivalent sound pressure generated by the
transducer is 140 dB SPL, and the frequency response is flat
up to 10 kHz. Therefore, the transducer can be applied to pa-
tients with moderate to severe sensorineural hearing loss. Fur-
thermore, an advantage of this transducer is that it can gen-
erate higher excitation force up to high frequency compared
with the hearing aids using electromagnetic transducers such
as Vibrant Soundbridge, Earlens and our transducer. However,
a large cavity has to be made in the temporal bone to implant
the transducer. This disadvantage prevents implantable hearing
aids from coming into wide use. Therefore, minimally invasive,
highly efficient hearing aids are needed.
The transducer developed in this study is nonimplantable and
able to generate an excitation force of more than 95 dB SPL in
terms of sound pressure in the frequency range of 0.1–10 kHz,
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in contrast with the other electromagnetic hearing aids which
cannot generate satisfactory excitation force at high frequencies.
The reason this high excitation force is possible is that our trans-
ducer employs a lightweight-vibrator coil of 18.3 mg, while the
weights of Vibrant Soundbridge and Earlens are 25 and 40 mg,
respectively. A vibrator coil with a small mass is essential for ef-
ficiency of the transducer at high frequencies. These advantages,
i.e., the nonnecessity of the invasive surgery and the ability to
generate a high excitation force at 10 kHz, make it possible to
apply our transducer to children, who are still growing, and to
patients with high-frequency hearing loss that typically occurs
with increasing age.
Although sufficient performance of our transducer was con-
firmed, it still requires much improvement, i.e., a method for
holding the magnet in the external ear canal, a way to tightly
attach the vibrator coil to the tympanic membrane, a means of
removing the cerumen on the tympanic membrane during the
use of the transducer, and so on. Besides these issues, the suit-
ability of the transducer for use in actual ears is uncertain be-
cause damping and the vibration mode of the tympanic mem-
brane in an artificial middle ear are different from those in an
actual ear. Therefore, it is necessary to carry out experiments in
humans to assess of the transducer’s performance in actual ears.
VI. CONCLUSION
As the first stage in the development of a noninvasive elec-
tromagnetic hearing aid, a new transducer, which consists of a
core, driving and induction coils, a rare-earth magnet, and a vi-
brator coil was constructed. These components were optimized
by simulation and experiments using an artificial middle ear, and
generation of a high-excitation force was achieved. The funda-
mental properties of the transducer were then evaluated.
When an electrical current of 80 mA flowed into the driving
coil of the transducer developed in this study, it generated an ex-
citation force of more than 95 dB SPL in terms of sound pressure
in the frequency range of 0.1–10 kHz. This value is sufficient to
treat patients with sensorineural hearing loss up to 70 dB HL and
those with the high frequency hearing loss that typically occurs
with increasing age.
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